Carbon nanotubes (CNTs) have recently attracted attention as materials for flexible thermoelectric devices. To provide theoretical guideline of how defects influence the thermoelectric performance of CNTs, we theoretically studied the effects of defects (vacancies and Stone-Wales defects) on its thermoelectric properties; thermal conductance, electrical conductance, and Seebeck coefficient. The results revealed that the defects mostly strongly suppress the electron conductance, and deteriorate the thermoelectric performance of a CNT. By plugging in the results and the intertube-junction properties into the network model, we further show that the defects with realistic concentrations can significantly degrade the thermoelectric performance of CNT-based networks. Our findings indicate the importance of the improvement of crystallinity of CNTs for improving CNT-based thermoelectrics.
In this study, we systematically and comparatively study effects of defects, namely vacancies and Stone-Wales (SW) with the optimized Tersoff potential [35] is performed until all atomic forces become less than 0.01 eV/Å to reduce the defect 23 induced-residual stress.
24
The NEMD simulations are performed using LAMMPS package [36] with the optimized Tersoff potential, which has been 25 developed for phonon transport in carbon nanomaterials [37] . After relaxing the CNTs in canonical ensemble for more than 26 200 ps at 300 K, the temperature at the hot (cold) Nosé-Hoover (NH) thermostat is heated up to 310 K (cooled down to 290 K).
27
After performing the NEMD simulation for 4 ns and the heat flow achieves a steady state, thermal properties such as heat 
33
Lattice thermal conductivity κlat and conductance Klat are then calculated as 34 (1) 35 where x is the position along the tube axis, dT/dx temperature gradient, and Aring = πdcntb the cross-sectional area of a CNT,
36
with b (= 0.34 nm) being the separation between graphite layers. To obtain the temperature gradient, we use the defective 
40
For the Green's function calculations, we use a tight-binding method [33] , where the hopping integral for π-orbital 41 between carbon atoms is attenuated exponentially with increasing the bond length [38] . Green's function and the transmission 42 function of the defected region are obtained as 43 (2) 44 where E is the energy of incident electron to the defective region, η is the infinitesimal, Hdef is Hamiltonian matrix of the defective region, ΣL(R) is the self-energy matrix of the left (right) lead, and . The electric current
Landauer-Büttiker formula [39] :
where e is the electron charge, h is the Plank constant, fL(R) is the Fermi-Dirac distribution function of the left (right) lead,
2
which is also a function of temperature, and µ is the chemical potential, which can be tuned with gating or doping. The 3 temperature is set to 300 K in all the simulations. Under the linear response approximation, i.e. when the differences of the 4 chemical potential, Δµ = µL -µR, and the temperature difference ΔT between both leads are infinitesimally small, we can 5 obtain thermoelectric properties as follows [13, 16] .
6
The electronic conductance:
The Seebeck coefficient:
10
The electronic thermal conductance:
Here, An is defined as the following integral,
13

14
Using Eqs. (1) and (4)-(6), we can obtain the power factor, P = S 2 Gel, and the thermoelectric figure of merit,
15
. 
19
five configurations for some cases of σ in 10 nm-CNTs, and the resulting variations in κlat were sufficiently small (20% at most
20
and less than 10% in most cases). This error will further diminish by fitting κlat as a function of σ.
21
The fundamental difference between the methods of thermal and electrical calculations is worth mentioning. In the Green's function method, the electron-phonon and electron-electron scattering are neglected because the electron mean free 23 path (MFP) of pristine semiconducting CNTs is known to reach 200 nm at room temperature [40] , which is sufficiently longer 24 than the CNTs used in this study. The MFP is expected to be shorter due to electron-phonon or -electron scattering induced by 25 the localized phonons and electrons around the defects but our calculations should be valid at least for low defect
26
concentrations. On the other hand, in the NEMD simulation, it is important that the anharmonic phonon-phonon scatterings are 27 considered because contribution to thermal conductivity comes from phonons with a wide range of frequencies including those
28
with MFPs shorter than the CNTs used in this study [41] .
30
III. LATTICE THERMAL TRANSPORT PROPERTIES
31
A. Thermal conductivity of pristine CNTs [42] , and simplified Brenner potential (330 W/m-K) [37, 41] . While the choice of interatomic potential is still controversial, the optimized Tersoff potential is used in this study because this potential reproduces experimentally 3 observed phonon properties of CNTs or graphite such as phonon dispersion, group velocities [43, 44] , and thermal conductivity 4 more accurately [45] .
κlat of CNTs increases with the length of thermostats because of the increase in the number of phonons generated in thermostats
7
with their length and converges when the length of thermostats approaches half of Ldef [41] . κlat of CNTs calculated in this nm-(10, 0) CNT) using shorter thermostats (2 nm to 10 nm) [46] . In fact, when changing the length of thermostat from 50 nm 10 to 2 nm, we observed 30% reduction of κlat for 100 nm-(10, 0) CNT (from 750 W/m-K to 520 W/m-K 
32
The introduction of defects significantly decreases κlat particularly at low σ (< 0.2%) for both defects as also shown in 33 previous studies [31, 47] ; κlat is reduced by half at σ = 0.14% (0.11%), 0.062% (0.092%), and 0.060% (0.078%) for 10, 50, and 34 100 nm-CNTs with vacancies (SW defects), respectively. Vacancies decrease κlat of CNTs more effectively than SW defects 35 [29, 30] because of the absence of C-C bonds around vacancies, which obviously diminish short-wavelength phonons directly,
36
while their difference is not obvious in short CNTs as shown in Fig. 2 (a). Figure 2 (a) also shows that, for SW defect, the 37 dependence of κlat on Ldef, one of the ballistic features of phonon transport [49] , remains even at high σ (≈ 1.0%) for CNTs with
38
Ldef ≤ 100 nm. Sevik et al. also shows that for longer CNTs (200-600 nm) the length dependence remains to some extend for
39
SW defects of σ = 0.6% [47] . On the other hand, the Ldef-dependence of κlat diminishes more rapidly for vacancy: at σ < 0.3%
40
for Ldef = 200-600 nm (Ref. [47] ), σ ≈ 0.8% for Ldef = 50-100 nm, and σ > 1.0% for Ldef < 50 nm. This result can be understood 41 from the analysis with atomic Green's function method by Sevik et al. [47] . Their analysis shows that phonon MFPs due to 
45
it remains even at high σ (> 0.8%) of vacancies for shorter CNTs (Ldef < 100 nm) because of the comparable length of MFPs
46
with CNT length. The reason why the ballistic feature is more observable in shorter CNTs (Fig. 2 ) than in longer CNTs (Ref.
[47]) should be the same as the above discussion on vacancy.
48
IV. ELECTRON TRANSPORT PROPERTIES
49
A. Transmission function
50
Since electron contribution to thermoelectric properties is determined by Θ(E) as shown in Eqs. (2)- (7), the change in
51
Θ(E) due to defects are discussed here. vacancy can be attributed to the generation of quasi-bound states [25, 50] , which are generated mostly at energy levels near 4
Van-Hove singularities (band edges) and suppress Θ(Ε) at the corresponding energy levels. On the other hand, SW defects 5 suppress Θ(E) in the overall energy range somewhat keeping the original step-like feature. Here, in our additional calculation,
6
we observed that bond distortions without adding any defect decrease Θ(E) at overall energy levels rather than at specific 7 energy levels. This indicates that the suppression of Θ(E) in the overall energy range due to SW defects can be described by 8 broad areas of bond distortions as illustrated in Fig. 1 . These differences between effects of vacancy and SW defect on Θ(E) 9 mainly affect the change in S due to defects as shown below. 
14
The introduction of vacancies increases |S| around µp/n,0 while SW defects do not substantially affect |S| as shown in Fig. 4 (a)
15
(this trend can be seen clearer in Fig. 6(a) ). The trend can be attributed to the aforementioned change in Θ(E) [34] ; while ∂f/∂E, 
30
The electron contribution to the heat transport, Kel, is much less than the lattice contribution, Klat, regardless of σ; for 100 
32
With increasing defects, P, determined by S and Gel, finally reduces significantly as shown in Fig. 4(d) for all cases
33
including the case of vacancy, which enhances |S|. This result shows that the enhancement of |S| is overwhelmed by the large 34 reduction of Gel, despite that P is quadratic to S (linear to Gel) (this trend will be discussed again in Fig. 6 ). Here, one can
35
notice that, with decreasing P, the peak (optimized) chemical potential, µp/n,opt, that gives the maximum P for each defective
36
CNT may shift from µp/n,0. While it should be appropriate to adopt µp/n,0 as the representative µ for the pristine CNT, there are 37 two alternatives for defective CNTs: one is to adopt the same µp/n,0 assuming that µ remains the same in the process of 38 introducing defects, and the other is to take µp/n,opt for each defective CNT reflecting the maximum possible P. Since neither of 39 the representative µ is universally appropriate and the defects similarly affect p-and n-type CNTs properties, in the followings,
40
we mainly focus on p-type CNTs and evaluate the properties for both µp,0 and µp,opt that will be simply denoted by µopt and µ0
41
hereafter.
42
µopt indeed changes with increasing σ particularly for vacancy as shown in Fig. 5(a) . For vacancy in 100 nm-CNT, µopt 
46
showing different thermoelectric properties of 100 nm-CNT with σ = 0.00, 0.02, and 0.04% (Ndef = 0, 3, and 6). In Fig. 5(b) , the units for |S|, Gel, and P are normalized as V/(5000K), S/5000, and pW/K 2 , respectively. This figure summarizes 48 aforementioned trends; with decreasing Θ(E) due to the introduction of vacancies, S increases (this trend is not clear in this
49
figure because of its slight increase) and Gel and P decrease around µ0. Because of the competing effect of vacancy on S and
50
Gel around µ0, the introduction of vacancies causes the shift of µopt toward high-doping level as well as the decrease in the 51 magnitude of Gel and P.
52
The changes in |S|, Gel, and P with optimizing µ in terms of P are shown in Fig. 6 to clarify impacts of defects on S and Gel.
vacancies up to the same orders or even higher (in the case of 100 nm-CNT) than those of CNTs with SW defect. Here, it is 1 interesting to note that after the optimization of µ, |S| at µopt of CNTs with vacancies remains almost constant (≈ 0.2 mV/K) 2 regardless of σ. In the case of SW defect (right column of Fig. 6 ), while the introduction of the defects does not change |S|, the 3 significant reduction of Gel due to defects (up to five order of magnitude for 100-nm CNT) deteriorates P by the same orders as
4
Gel. As a result, our findings reveal that the deterioration of P due to the introduction of defects is strongly dominated by the 5 orders of suppression of Gel following that of Θ(E) although |S| increases in the case of vacancy. 
11
for 100 nm). This is because, for the pristine CNTs, while the electronic transport properties do not depend on the CNT length
12
in the fully ballistic regime, the phonon transport, whose anharmonicity is not negligible even in short CNTs, degrades with
13
increasing the CNT length. However, because electronic transport properties, particularly Gel, of longer CNTs are fluctuated defects, the change in ZcntT due to defects is dominated by electronic properties, particularly Gel, which reduces orders of 17 magnitude with increasing σ. 
18
V. THERMOELECTRIC PROPERTIES OF CNT-BASED NETWORKS
24
, where exponent t is the fitting parameter [51] . 
30
The thermal conductivity of two-or three-dimensional networks composed of randomly-dispersed straight CNTs is 31 calculated as [52, 53] 32 , by structural factors. is nearly proportional to Ldef and for two-and three-dimensional can be respectively obtained as 38
39
where nS and nV are the surface and volume number density of CNTs, respectively. Here, we assume and ρ is CNT networks. Kcc (= 50 pW/K) is calculated with the empirical formula based on NEMD simulations [54] (see Appendix)
1 and experimentally observed Gcc (= 3.8 µS) with small-diameter SWNTs (dcnt < 3 nm) [55] is employed to obtain the electrical 2 conductivity of networks, . As for Seebeck coefficient, because Seebeck coefficient of CNT networks, Snet, is not 
9
Using Eqs. (8) and (9) for thermal and electrical conductivity, can be related to ZcntT:
12
Equation (11) shows that, when boundaries inhibit thermal transport more effectively than electron transport (Nth > Nel),
13
formation of the network enhances the thermoelectric performance ( ); for instance Nth/Nel = 14 for the length and the introduction of defects. thermoelectrics. This discussion should be applicable to CNTs even longer than 100 nm, as shown in Fig. 9(b) , where, the 32 calculated data are extrapolated to CNT length of 1000 nm, which is about the maximum length that ballistic electron transport
33
persists in pristine systems [40] .
34
These calculations show that the increase in both of Ldef and σ deteriorates the thermoelectric performance because of the 35 decrease in α (d) and ZcntT, respectively. Furthermore, the deterioration of the thermoelectric performance of CNT-based 36 networks is more crucial for longer CNTs in (quasi-) ballistic systems. We, thus, obtained important insights for the design of
37
CNT-based thermoelectric devices; improving the crystallinity of CNTs and using shorter CNTs can enhance the 38 thermoelectric performance of CNT-based networks.
39
VI. CONCLUSIONS
40
We theoretically investigated effects of defects, vacancies and SW defects, on the thermoelectric properties of 
10
As derived in Ref. [54] , thermal conductance at intertube junctions can be calculated by using the empirical formula. , 
17
where rij is the distance between ith and jth atoms, rm = 2 1/6 σint is the distance corresponding to the minimum of the potential, 
